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I.  INTRODUCTION 


Graphite  is  an  excellent  ablator  in  extreme  thermal  and  pressure 
environments  encountered  by  missiles  and  reentry  vehicles.  Reliable  data 
on  the  triple  point  and  the  melting  temperatures  and  pressures  are  needed 
for  calculating  flight  performance  for  the  successful  reentry  of  space  vehicles. 
Such  data  are  also  useful  for  evaluating  the  optimum  specific  impulse  of 
graphite  nuclear  propulsion  reactors. 

Experimental  measurements  become  increasingly  difficult  with  increas- 
ing temperatures  beyond  2500  K because  of  the  nonuniformity  in  heating  and 
the  inaccuracies  in  the  equilibrium  pressure  and  temperature  measure- 
ments. Unusual  experimental  techniques  have  therefore  been  devised  for 
measuring  the  triple  point  of  graphite.  The  earliest  systematic  experiments 
for  this  purpose  were  carried  out  by  Basset  (Ref.  1).  He  used  a power  supply 
of  300  A and  12  to  30  V for  resistance-heating  a graphite  rod  with  a reduced 
section  2 mm  in  diameter  and  6 mm  long.  The  graphite  bar  was  pressurized 
with  argon  in  a sealed  chamber  with  an  optical  port  for  temperature  measure- 
ments. Convection  currents  caused  difficulties  in  the  temperature  measure- 
ments, which  were  made  with  an  optical  pyrometer.  He  considered  that  the 
failure  of  graphite  rod  was  caused  by  the  melting  of  graphite  when  the  pressure 
was  sufficiently  high.  The  failure  by  melting  was  recorded  by  photographing 
the  bar.  Post-heating  examination  revealed  shiny  droplets  of  frozen  liquid. 

At  pressures  below  100  atm,  the  graphite  bars  ruptured  without  forming 
droplets  of  graphite.  On  the  basis  of  experiments  at  various  pressures, 

Basset  reported  that  the  triple  point  of  graphite  is  102  atm  and  4000  K. 

Similar  experiments  by  electric  heating  in  a pressurized  chamber  were 
carried  out  by  Jones  (Ref.  2).  He  used  a rectangular  specimen  3.2  x 5.1  mm 
in  cross  section  and  15.9  mm  long  with  a shallow  hole  in  the  midpoint  for 
optical  temperature  measurements.  His  results  for  the  triple  point,  100  atm 
and  4030  K,  are  in  excellent  agreement  with  those  of  Basset.  Noda  (Ref.  3) 
used  a procedure  nearly  identical  with  that  of  Basset.  He  used  a bar  4 mm  in 


-7- 


PfiECEDlNG 


PAGS  BLAMK.N0T  FILMED 


diameter  and  30  mm  long  but  with  a smaller  diameter  central  section. 

Argon  was  used  for  pressurization.  The  temperature  measurements  were 
made  with  a calibrated  optical  pyrometer.  Spherical  shiny  frozen  droplets 
of  graphite,  1 to  3 mm  in  diameter,  indicated  the  occurrence  of  melting. 

The  triple  point  obtained  by  Noda  was  100  to  110  atm  and  4020  ± 50  K,  which 
is  in  agreement  with  the  results  of  the  similar  experiments  of  Basset  and 
Jones. 

Bundy  (Ref.  4)  determined  the  melting  points  of  graphite  at  high  pres- 
sures by  pulse-heating  a bar  of  graphite  1 mm  in  diameter.  The  heating  was 
accomplished  by  discharging  a battery  of  capacitors.  He  used  the  energy 
balance  and  the  extrapolated  values  of  heat  capacity  to  calculate  the  final 
temperature  obtained  in  graphite.  His  results  showed  that  the  melting  point 
of  graphite  increases  with  pressure  to  4600  K at  about  65,  000  atm,  with 
Basset's  triple  point  used  as  the  initial  reference  point.  Bundy  did  not 
determine  the  actual  triple  point  in  these  experiments. 

Fateeva,  Vereschagin,  and  Kolotygin  (Ref.  5)  electrically  heated  a 
spectographically  pure  bar  of  graphite  only  0.8  mm  in  diameter  and  10  mm 
long  in  argon  until  failure  by  rupture  occurred.  They  measured  the  tempera- 
ture with  a two-color  pyrometer.  The  melting  temperature  in  their  experi- 
ments was  reported  as  4650  K at  3000  atm.  Vereshchagin  and  Fateeva 
(Ref,  6)  utilized  the  same  apparatus  and  procedure  but  improved  temperature 
measurements  by  using  a three-color  pyrometer.  The  results  for  the  triple 
point  were  4040  K and  100  atm.  The  melting  point  of  graphite  increased  with 
pressure  to  4090  K at  3000  atm  and  to  5000  K at  60,  000  atm.  At  pressures  in 
excess  of  2000  atm,  the  sample  was  pressurized  in  NaCl,  a medium  that 
interfered  with  accurate  temperature  measurements  because  discoloration 
occurred.  A substantial  correction  was  therefore  necessary  for  the  optical 
temperature  measured  through  NaCl.  Fateeva  and  Vereshchagin  (Ref.  7) 
revised  their  earlier  data  and  obtained  additional  data  up  to  90,  000  atm  for 
the  melting  points  of  graphite.  Their  results  for  the  triple  point  remained 
the  same,  but  the  melting  point  at  60,000  atm  was  reduced  by  100  K to  4900  K. 
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Schoessow  (Ref.  8)  used  up  to  20  V and  3000  A to  heat  various  grades 
of  graphite  pressurized  with  helium  in  a chamber.  A bar  of  graphite  slightly 
reduced  to  10.9  mm  in  diameter  in  the  midsection  and  3.2  mm  long  was 
drilled  along  its  axis  to  provide  a vertical  chimney  for  sweeping  away  graph- 
ite vapor  and  soot  when  it  was  positioned  vertically  for  heating  (Fig.  1).  A * 
2-mm  radial  hole  located  in  the  center  and  terminating  on  the  axial  hole 
provided  an  optical  tunnel  for  measuring  temperature  by  means  of  a 
disappearing-filament  optical  pyrometer.  In  addition  to  the  direct  tempera- 
ture measurements,  indirect  temperature  measurements  were  obtained  from 
the  master  curves,  cor  relating  the  temperature  versus  the  electric  power 
input.  For  this  purpose,  simultaneous  readings  of  temperature  and  power- 
input  were  obtained  in  the  range  where  the  interference  from  soot  and  vapor 
was  negligible.  The  curve  was  extrapolated  a few  hundred  degrees  above  the 
last  simultaneous  temperature -power  reading;  the  power  reading  when  melt- 
ing occurred  was  subsequently  used  on  the  plot  to  obtain  the  melting  tempera- 
ture. The  graphite  bar  melted  at  the  axial  center  when  the  pressure  was 
sufficiently  high,  but  the  outside  surface  remained  solid.  The  beginning  of 
melting  was  indicated  by  a rapid  rise  in  voltage  across  the  specimen.  The 
bar  was  then  cooled  and  examined  under  a microscope  at  120X  for  frozen 
liquid  droplets  and  a dendritic  melted  region  to  assure  that  melting  had 
occurred.  The  frozen  droplets  were  shiny  in  appearance  and  distinct  in 
structure  from  the  remaining  portions  of  graphite.  The  bars  heated  below 
the  triple-point  pressure  did  not  contain  liquid  droplets.  The  various  grades 
of  graphite  used  in  his  experiments  melted  at  or  above  103  atm,  which  was 
the  triple-point  pressure  in  these  experiments.  The  triple-point  temperature, 
however,  ranged  from  4180  to  4300  K.  The  4300  K temperature  was  for  the 
spectroscopic  grade  graphite  (AGKS,  Union  Carbide  Corporation).  An 
increase  in  pressure  from  100  to  1000  atm  caused  a corresponding  increase 
of  59  K in  the  melting  point  of  graphite. 

Di^conis,  Stover,  Hook,  and  Catalano  (Ref.  9)  used  graphite  bars  similar 
to  those  used  by  Schoessow  but  with  a graphite  radiation  shield  heated  sepa- 
rately to  minimize  the  radiative  heat  loss  from  the  bar.  The  pyrolytic 
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graphite  bars  used  in  their  experiments  contained  0.002%  ash;  the  ATJ 
graphite  bars,  0.044%  ash.  The  results  were  concordant  when  either  argon 
or  nitrogen  was  used  for  pressurization.  The  temperature  measurements 
were  made  by  means  of  a recording  optical  pyrometer  focused  on  a cavity  on 
the  graphite  bar.  The  specimen  was  held  horizontally,  and  the  temperature 
was  measured  through  a vertical  port  from  the  bottom  of  the  chamber.  The 
triple  point  of  graphite  was  found  to  be  4100  to  4300  K and  103  atm.  Frozen 
droplets  of  graphite  were  micrographically  examined  to  reveal  a crystalline 
structure  distinctly  different  from  the  unmelted  graphite  matrix.  The  top 
surfaces  of  the  frozen  droplets  were  shiny  and  quite  different  from  the  dull 
unmelted  graphite. 

Diaconis  et  al.  (Ref.  9)  also  determined  the  triple-point  temperature 
by  means  of  the  direct  arc-column  radiation  heating  of  a horizor*?!  surface 
of  graphite  in  argon  or  nitrogen.  The  disturbance  of  the  surface  g.».s  layer 
by  the  arc  made  the  measurement  of  the  triple-point  pressure  difficult,  but 
at  pressures  above  135  atm,  it  was  possible  to  obtain  droplets  and  rivulets 
of  graphite.  The  surface  temperature  in  these  experiments  were  read  with 
a scanning  spectrometer.  Significant  temperature  corrections,  due  to  the 
emissivities  of  pyrolytic  and  ATJ  graphite, were  made  to  obtain  melting 
tempe:  Atures  in  agreement  with  those  obtained  by  resistive  heating  of 
graphite  bars.  The  droplets  obtained  in  these  experiments  exhibited  the 
same  appearance  and  microstructure  as  those  from  the  graphite  bars. 

Earlier  experiments  with  arc -heating,  summarized  by  Palmer  and  Shelef 
(Ref.  10),  produced  inconclusive  results  on  the  triple  point. 

Whittaker,  Kintner,  Nelson,  and  Richardson  (Ref.  11)  used  a 6-kW  con- 
tinuous CO-  laser  beam  to  heat  rapidly  spinning  pyrolytic  graphite  bars  in  a 

C -2 
pressurized  chamber.  The  power  density  was  47  kW  cm  . A single  experi- 
ment usually  lasted  4 sec;  during  which  time,  the  temperature  measurements 
were  made  by  means  of  two  recording  pyrometers  30  and  150  deg  from  the 
laser  beam.  A high-speed  cinematograph  was  used  to  record  the  experiment. 
It  was  observed  that  for  a selected  pressure,  in  the  range  of  0.0016  to  6 atm, 
the  curve  for  temperature  versus  time  reached  a steady  value  of  temperature 
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even  when  the  laser  power  was  increased  steadily  as  a function  of  time.  They 

claimed  that  "This  result  (steady  temperature)  indicates  that  the  carbon 

vapor  is  in  pressure  equilibrium  with  the  chamber  gas."  When  the  laser 

power  was  increased  beyond  the  start  of  the  steady  temperature,  the  carbon 

vapor  pressure  became  greater  than  the  chamber  pressure  and  the  carbon 

gas  expanded  away  from  the  graphite  bar  and  carried  with  it  the  excess  laser 

power.  The  steady-state  temperatures  for  various  pressures  were  then 

plotted  versus  the  laser  power  for  a pressure  range  of  0.0016  to  6 atm 

(Fig.  2).  Although  the  points  were  connected  by  three  straight  lines,  it  is 

evident  that  within  the  usual  scattering  encountered  in  high-temperature 

research  it  is  justifiable  to  draw  a continous  curve  satisfying  these  points. 

In  Fig.  2,  as  drawn,  the  first  break  was  taken  to  be  the  sublimation  point, 

and  the  second  break,  the  triple  point.  The  triple  point  was  claimed  to  be 

3780  ± 30  K and  0.19  ± 0.02  atm.  The  equilibrium  total  pressure  was  plotted 

versus  temperature  T,  in  K,  as  reproduced  in  Fig.  3 to  claim  that  a sharp 

break  in  the  vapor  pressure  occurred  at  the  triple  point.  This  figure  was 

used  by  the  present  authors  to  obtain  a plot  of  In  P,  of  the  dominant  triatomic 

-1 

gaseous  species  versus  T as  shown  in  Fig.  4.  Since  the  total  pressure 
shown  by  Whittaker  et  al.  in  Fig.  3 is  lower  than  that  from  the  JANAF 
Thermochemical  Tables  (Ref.  12),  except  at  3780  K,  had  to  be  calculated 
from  the  total  pressure  in  Fig.  3 by  using  the  gas-phase  equilibrium  con- 
stants for  four  dominant  gaseous  species  in  the  JANAF  tables.  This  proce- 
dure is  justified  because  the  gas  phase  was  assumed  to  be  in  equilibrium 
either  with  the  liquid  phase  or  the  solid  phase, depending  on  temperature. 

From  the  slopes  of  the  lines  in  Fig.  4,  the  following  computations  were 

made,  where  AH°  , AH°  , .,  and  AH0  are  the  standard  molar  enthalpies  of 
vap  subl  m c 

vaporization,  sublimation,  and  melting,  respectively,  and  AS^  is  the  standard 
entropy  of  melting: 


Slope  = 


8ln  P^  ^ AH°(vap  or  subl) 
8(1/T)  “ ' R 


(1) 
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Fig.  2.  Steady- state  temperature  vs  laser  power  for 
pyrolytic  graphite  at  1.0-Torr  chamber  pres- 
sure. (From  Whittaker  et  al. ) 
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PRESSURE  (atm) 


Fig.  4.  Equilibrium  pressure  P3  of  C3(g)  over  solid 
and  liquid  carbon.  (From  Whittaker  et  al.) 
(Circles  are  from  smooth  curve  in  Fig.  3. 
Broken  line  in  liquid  region  if  for  P3  over 
liquid  for  entropy  of  melting  corresponding 
to  ASm  = 5.7  cal  mole"*  K"  . Insert  shows 
LnP  vs  1CP/T  for  silicon.) 
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(2) 


AH°  = 86,400  cal  mole-1  (C„) 
vap  ' y 


-1 


AH  ,,  = 500,800  cal  mole  (C0) 
subl  ' 3 


(3) 


AH°  , . = 3AH°  + AH° 
subl  m vap 


(4) 


AH°  , , - AH°  = 3AH°  = 414,400  cal 
subl  vap  m 


(5) 


AH°  = 138,  130  cal  mole-1  (C) 
m 


(6) 


AS°  = 36.5  cal  mole-1  K-1  (C) 
m 


(7) 


Note  that  the  sublimation  into  requires  3 gram  atoms  of  graphite;  there- 
fore, 3AH  was  used  in  Eq.  (3). 
m 

The  same  results  for  AH°  and  AS°  were  obtained  by  plotting  In  P, 

I m m l 

versus  T for  the  monatomic  gaseous  carbon  because  each  gaseous  species 

is  in  equilibrium  with  all  other  species  as  well  as  with  the  coexisting  con- 
densed phase.  The  results  show  that  the  standard  enthalpy  of  melting 
per  gram  atom  of  C is  1.6  times  as  large  as  the  standard  enthalpy  of  vapori- 
zation per  mole  of  C-^,  in  contradiction  to  the  energetics  and  molecular  con- 
cepts of  phase  transitions.  Such  large  values  of  the  enthalpy  and  the  entropy 
of  fusion  have  never  been  encountered  in  melting  pure  elements  (Refs.  13 
and  14).  The  standard  entropy  of  fusion  of  the  metallic  elements  is  usually 
close  to  2 cal  mole  1 K-1  according  to  Richards'  rule  and  no  more  than 
7.5  cal  mole  K-1  for  the  metalloids  with  the  strongest  covalent  bonds 
(Ref.  13).  The  entropies  of  melting  of  the  Carbon  Group  elements  having  a 
tetragonal  crystal  structure  and  close  to  carbon  are  7.17  for  silicon  and  7.30 
for  germanium.  Therefore,  the  entropy  of  melting  of  tetragonal  carbon, 
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i.e.  , diamond,  should  be  very  close  to  7.0,  and  since  the  entropy  change  for 
the  diamond  to  graphite  transformation  is  -1.3,  the  entropy  of  melting  of 
graphite  should  be  5.7  if  it  were  to  melt  at  37  80  K as  claimed.  The  entropy 
of  melting  capable  of  showing  a detectable  break  as  in  Fig.  3 is  therefore  6.4 
times  larger  than  the  upper  limit  permitted  by  the  entropy  value.  For  such 
an  entropy  of  melting,  the  break  in  the  vapor  pressure  curve  is  indicated  by 
the  broken  line  on  the  upper  left  side  in  the  liquid  region.  The  break  is 
gentle  and  cannot  be  determined  by  the  usual  errors  encountered  at  tempera- 
tures above  1000  K.  Likewise,  for  silicon,  which  vaporizes  into  Si(g),  S^fg), 
and  Si^ (g) » such  a break  at  the  melting  point  is  concealed  well  within  experi- 
mental errors  (Refs.  13  and  14)  as  shown  in  the  insert  in  Fig.  4.  As  a conse- 
quence of  the  entropy  limitation,  the  melting  points  of  the  elements  cannot  be 
determined  from  the  vapor-pressure  measurements.  Experimental  errors 
in  vapor-pressure  measurements  above  1000  K always  conceal  a gentle  break 
in  the  vapor-pressure  curve  upon  melting.  Therefore,  the  lines  in  Fig.  2 
and  the  break  between  the  lower  curves  in  Fig.  3 are  unacceptable.  It  is 
interesting  to  note  that  if  a phase  change  involving  a heat  effect  of  138  kcal 
mole  * had  existed,  it  would  have  been  observed  by  a sharp  break  in 
Schoessow's  temperature -power  input  curves  extending  up  to  4100  K.  In 
Schoessow's  experiments,  these  curves  could  always  be  reproduced  by  cool- 
ing and  reheating  the  same  sample,  indicating  that  melting  did  not  occur 
below  4000  K. 

Haaland  (Ref.  14)  used  a Nd  laser  beam,  1.06  pm  in  wavelength  and  of 

400  W,  focused  on  a pyrolytic  graphite  bar  1.5  mm  in  diameter,  in  a gas- 

_2 

pressurized  chamber.  The  laser  power  density  was  80  kW  cm  . The  axis 
of  the  bar  was  also  the  c-axis  of  pyrolytic  graphite.  The  pressure  chamber 
was  equipped  with  three  fused  quartz  windows  at  45 -deg  intervals  (the  first 
hole  for  the  laser  beam,  the  second  for  a recording  optical  pyrometer,  and  the 
third  for  a high-speed  cinematograph).  The  chamber  was  pressurized  with 
either  helium  or  argon.  The  sample  was  laser-heated  and  then  taken  out  of 
the  pressure  chamber  for  visual  and  microscopic  examination  for  frozen 
droplets  of  liquid  carbon.  These  droplets  were  quite  similar  to  the  droplets 


-17- 


obtained  by  arc-heating  both  pyrolytic  and  ATJS  graphite  in  the  experiments 
of  Diaconis  et  al.  X-ray  diffraction  patterns  of  frozen  droplets  showed 
sharper  diffraction  lines  than  the  original  graphite  and  the  condensed  vapor. 
The  minimum  pressure  for  obtaining  liquid  carbon  was  found  to  be  107  ± 2 atm 
and  was  independent  of  sample  size  and  of  pressurization  gas.  Different 
diffusion  rates  of  carbon  vapor  in  helium  and  argon  did  not  alter  the  observed 
minimum  pressure;  therefore,  107  atm  was  considered  to  be  the  triple-point 
pressure  of  graphite.  A hot  luminous  plume  of  vapor  or  plasma  obscured  the 
sample  surface;  therefore,  the  observed  temperatures  of  4300  to  5400  K were 
not  considered  to  be  related  to  the  triple-point  temperature.  The  observed 
temperatures  depended  on  the  purity  and  composition  of  the  inert  gas  because 
the  gaseous  impurities  caused  ionization. 
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II.  EXPERIMENTAL  PROCEDURE 


✓ 


The  experimental  procedure  in  this  investigation  was  designed  to 
minimize  the  temperature  measurement  errors  and  to  permit  convenient 
visual  examination  of  graphite  during  heating.  The  pressure  chamber  is 
shown  in  Fig.  5.  It  was  connected  to  a vacuum  pump  and  a pressurization 
gas  through  appropriate  connections  and  valves.  The  pressure  was  mea- 
sured with  a Bourdon  gauge  calibrated  to  approximately  1%  accuracy.  A 
graphite  sample  holder  was  used  for  holding  a disc  of  pyrolytic  graphite, 

4x2  mm,  with  its  c-axis  perpendicular  to  the  laser  beam.  This  alignment 
was  necessary  because  of  the  nearly  unit  emissivity  of  graphite  perpendicular 
to  the  c-axis  and  the  conduction  of  heat  in  the  same  direction  as  the  laser 
beam.  When  the  sample  was  arranged  with  the  c-axis  parallel  to  the  laser 
beam,  it  was  difficult  to  melt  graphite  because  heat  was  conducted  laterally 
and  away  from  the  thermal  center  of  the  beam.  A cv/  HF  chemical  laser 
being  studied  in  the  Aerophysics  Laboratory  of  The  Aerospace  Corporation 
was  used  as  the  radiation  source  for  these  experiments.  The  laser  provided 
a multiline  (2500-  to  3000-nm  wavelengths)  beam  at  about  1400  W for  sample 
heating.  Vernier  control  of  laser  power  for  refined  temperature  control  at 
the  test  samples  was  accomplished  by  means  of  H ^ injection  rate  variation. 
Details  of  the  laser  operation  were  published  by  Spencer  et  al.  (Ref.  16). 

The  HF  laser  beam  entered  through  a sapphire  window  capable  of  withstanding 
several  hundred  atmospheres  of  pressure.  The  absorptivity  of  the  window 
was  obtained  with  standard  sources  of  illumination  for  correct  temperature 
readings  with  a disappearing  filament  optical  pyrometer  magnifying  the 
heated  zone  by  a factor  of  five.  The  window  was  tested  for  absorptivity  after 
a number  of  experiments;  in  no  case,  were  significant  degrees  of  fogging 
observed.  The  optical  pyrometer  and  the  laser  beam  were  aligned  as  parallel 
as  possible  to  obtain  an  optical  path  free  from  soot.  It  was  assumed  that 
even  if  soot  were  formed  during  heating  the  laser  beam  would  revaporize  it 
and  thus  keep  the  optical  path  clear.  Vapor  species  consisting  of  various 
polymers  of  carbon  do  not  absorb  radiation  (Refs.  17  and  18)  in  the  vicinity 
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of  656  nm  wavelength  for  the  optical  pyrometer.  Three  Swan  bands  for  C£(g) 
are  accessible  to  the  pyrometer  (Ref.  18),  but  calculations  show  that  they  can- 
not cause  more  than  1 K error  because  (a)  the  bands  are  very  weak  (they  have 
intensities  of  1 or  2 on  a scale  of  10)  and  (b)  C£(g)  constitutes  only  0.06  mole 

fraction  of  the  carbon  vapor.  The  laser  beam  was  focused  on  an  area  of  approx - 

2 -2 
imately  3 mm  so  that  the  power  density  was  about  50  kW  cm  on  the  graphite 

specimen.  The  laser  beam  formed  a crater  or  a deep  valley  in  graphite  and 
provided  a blackbody  cavity  for  optical  temperature  measurements.  The  emis- 
sivity  of  graphite  perpendicular  to  the  c-axis  is  0.92  at  1200  K,  increases  with 
increasing  temperature,  and  probably  reaches  unity  at  4000  K (Ref.  19).  In 
addition,  solid  phases  generally  become  more  emissive  upon  melting.  A value 
of  0.95  instead  of  1.00  for  the  emissivity  of  graphite  causes  an  error  of  less 
than  40  K in  optical  temperature  measurements.  On  the  basis  of  these  argu- 
ments, it  seems  justifiable  to  neglect  the  emissivity  correction  to  the  optical 
temperature  measurements  in  this  investigation 

An  experimental  run  was  conducted  as  follows:  The  chamber  was 
evacuated  and  flushed  with  the  pressurization  gas,  and  this  process  was 
repeated  to  purge  the  system  and  to  remove  adsorbed  gases  from  graphite. 

The  optical  pyrometer  and  the  laser  beam  were  aligned  on  the  target;  then 
the  pressure  chamber  was  positioned  and  pressurized  with  pure  argon,  neon, 
or  krypton.  The  pyrometer  was  set  to  a selected  temperaure,  and  the  laser 
power  was  increased  gradually.  When  the  temperature  reached  the  selected 
point,  as  observed  by  the  pyrometer,  the  laser  was  shut  off.  The  duration  of 
the  entire  heating  cycle  was  only  5 sec.  The  change  in  pressure  during  heat- 
ing was  small.  The  final  pressure,  i.e.  , at  the  end  of  heating,  was  taken  to 
be  the  equilibrium  pressure  over  the  graphite.  The  gas  provided  an  effective 
blanket  over  the  graphite  for  the  equilibrium  vapor  pressure  determination  at 
the  triple  point.  Equilibration  of  the  vapor  pressure  of  condensed  phases 
with  inert  pressurization  gases  as  effective  blankets  has  been  used  as  an 
established  technique  for  the  measurements  of  vapor  pressure  (Refs.  20  and 
21).  After  the  laser  heating,  the  chamber  was  depressurized  and  the  graphite 
disc  was  taken  out  and  examined  under  a microscope  at  50X  magnification. 

When  the  pressure  was  above  120  atm  and  the  temperature  above  4130  K,  a 
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small  frozen  droplet  of  graphite  was  observed.  The  higher  the  pressure,  the 
larger  the  size  of  frozen  droplet  for  a given  temperature.  At  pressures 
below  120  atm,  liquid  droplets  were  never  observed.  A number  of  runs  with 
helium  were  unsuccessful  because  the  laser  beam  in  helium  appeared  to 
vacillate,  usually  by  moving  up  and  down.  A total  of  109  successful  runs 
were  made  with  neon,  argon,  and  krypton;  47  of  which  showed  the  existence 
of  liquid. 

A.  PHASE  EQUILIBRIA  RESULTS 

The  results  for  phase  equilibria  are  presented  in  a phase  diagram 
(Fig.  6),  where  it  is  shown  that  the  triple  point  of  graphite  is  120  ±10  atm 
and  4130  ± 30  K.  Numerous  experiments  at  2-atm  increments  of  pressure 
from  105  to  125  atm  were  carried  out  at  various  temperatures  to  ascertain 
the  triple-point  pressure . No  liquid  was  observed  when  the  pressure  was 
less  than  120  atm;  this  pressure  was  therefore  the  equilibrium  vapor  pressure 
of  the  coexisting  liquid  and  solid  phases.  The  line  for  the  melting  temperature 
of  graphite  as  a function  of  pressure  is  nearly  vertical  with  a slope  of 
27  atm  K according  to  previous  investigations  at  pressures  much  higher 
than  those  of  this  investigation  (Refs.  1,  2,  4,  5,  and  8),  as  will  be  discussed 
later.  This  line  separates  the  samples  containing  the  frozen  droplets  from 
those  without  and  therefore  represents  the  melting  temperatures  at  various 
pressures.  The  phase  boundary  curves  for  solid-vapor  and  liquid-vapor 
equilibria  are  also  shown  in  Fig.  6,  as  will  be  discussed  later  in  detail. 


B . MICROSTRUCTURE 


A number  of  samples  have  been  examined  under  a microscope  by  ordi- 
nary and  cross-polarized  light,  and  a scanning  electron  microscope  (SEM)  to 
obtain  the  structures  of  various  types  of  graphite  in  the  sample  after  laser 
heating.  Figure  7 is  an  SEM  micrograph  of  Sample  No.  152  containing  a 
droplet  of  frozen  liquid  approximately  0.4  mm  in  size.  This  sample  was 
heated  to  4140  K under  146  atm  of  neon.  Figure  8 is  a photomicrograph  of 
the  same  sample  under  ordinary  light,  which  shows  that  the  droplet  is  very 
shiny,  whereas  the  background  is  dull  black.  Figures  9 and  10  show  Sample 
No.  140  at  4180  K and  143  atm  of  neon.  The  frozen  liquid,  nearly  2 mm  long, 
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□ NO  MELT  OBSERVED 
O MELT  OBSERVED 


Fig.  8.  Same  as  Fig.  7.  (Photomicrograph  with 

ordinary  light.  Note  that  liquid  is  very  shiny 
and  unaltered  graphite  is  very  dull  dark  gray.) 
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Fig.  9.  Sample  No.  140  at  4180  K and  143  atm  of  neon. 
(Electron  micrograph.  Liquid  is  in  center.) 


* 
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Fig.  10.  Same  as  Fig.  9.  (Photomicrograph  with 
ordinary  light.  Liquid  is  shiny  and  close 
to  2 mm  in  length . ) 
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was  in  one  piece  when  it  was  taken  out  of  the  pressure  chamber,  but  it  was 
split  inadvertently  by  handling.  An  unusually  well-defined  liquid  droplet  was 
obtained  at  4475  K and  160  atm  of  neon  in  Sample  No.  11,  as  shown  in  the 
photomicrograph  (Fig.  11).  This  sample  was  split,  and  an  SEM  micrograph 
of  the  droplet  perpendicular  to  the  direction  in  Fig.  11  was  taken  (Fig.  12). 
Figure  13  is  an  SEM  micrograph  of  the  central  portion  of  the  droplet;  where 
the  platelets  of  frozen  liquid  are  clearly  depicted.  This  portion  of  the  split 
sample  was  subsequently  mounted,  polished,  and  photographed  under  cross- 
polarized  light  and  at  various  angles  (Figs.  14-18).  Figure  19  is  a photo- 
graph (original  in  color)  of  the  droplet  under  cross -polarized  light  with  a red- 
sensitive  tint  that  shows  well-defined  platelets  of  frozen  liquid.  The  structure 
of  the  frozen  liquid  is  distinct  from  the  pyrolytic  graphite  matrix,  i.e.  , it  is 
crystalline,  acicular,  and  platelike  in  appearance.  Underneath  the  frozen 
liquid  droplet,  the  laminae  of  pyrolytic  graphite  were  welded,  and  desorbed 
gases  were  trapped  as  shown  in  Figs.  14-18.  The  photomicrographs  of  the 
droplet  in  Sample  No.  152  (Fig.  7)  showed  identical  structures  and  are  there- 
fore not  presented  in  this  report.  Figure  20  is  a photomicrograph  under 
cross-polarized  light  that  shows  the  fluffy  condensate  on  the  outer  edge  of 
the  crater  in  Sample  No.  11. 

Figure  21  is  a photograph  of  Sample  No.  32  heated  to  4005  K under 
210  atm  of  neon.  This  sample  was  mounted,  progressively  ground  and 
polished  across  the  crater,  and  photomicrographed  under  cross-polarized 
light  (Figs.  22-25).  It  is  clear  that  no  significant  structural  change  occurred 
in  this  sample  because  of  heating.  Sample  No.  38  (Figs.  26-31)  is  similar  to 
Sample  No.  32,  but  it  was  heated  to  4120  K in  193  atm  of  krypton.  The  crater 
is  considerably  deeper  than  that  in  Fig.  21  because  the  temperature  was 
higher.  The  surface  of  the  crater  has  a uniform  structure  and  is  dull  black. 
Near  the  outer  edges,  the  condensed  vapor  affected  the  appearance  of  graphite. 
Figure  28  is  an  SEM  micrograph  of  the  central  portion  of  Fig.  27  just  below 
the  large  crack.  The  outer  left  side  edge  of  the  crater  in  Fig.  26  is  shown  at 
a higher  magnification  in  Fig.  29.  Nodular  condensed  particles  of  soot  can 
be  seen  over  tightly  packed  sheets  of  pyrolytic  graphite.  A composite 
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Fig,  11.  Sample  No.  11  at  4475  K and 

1 6 0 atm  of  neon.  (Photomicro- 
graph with  ordinary  light. 
Liquid  is  at  lower  left.) 
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Fig.  12.  Cross  section  of  Sample  No.  11.  (Electron 
micrograph.  Lateral  view,  perpendicular 
to  Fig.  11  after  sample  was  split.  Liquid  is 
in  center  against  dark  dull  gray  background.  ) 
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Fig.  13.  Same  as  Fig.  12.  (Structure  of  frozen 
liquid  droplet  in  center) 
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Fig.  14.  For  caption,  see  Fig.  18. 
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Fig.  18.  Cross  section  of  Sample  No.  11  under  polarized 
light  at  various  angles.  (Polishing  with  diamond 
powder  or  with  alumina  shows  no  detectable 
difference  in  micrographs.) 
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Fig.  19.  Sample  No.  11,  frozen  droplet,  cross- 
polarized  light,  red-sensitive  tint. 
(Original  in  color) 
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Fig.  20.  Sample  No.  11.  (Edge  of  crater  showing 
condensate  under  cross-polarised  light.) 
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Fig.  23,  For  caption,  see  Fig.  25. 


-41- 


Fig.  24.  For  caption,  see  Fig.  25. 
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Fig.  25.  Sample  No.  32  showing  no  liquid.  (Crater, 
ground  and  polished  progressively  from 
lower  left  in  Fig.  2 1 to  upper  right.  Cross- 
polarized  light) 


-43- 


-44- 


Fig.  28.  Central  part  of  Fig.  26,  just  below  crack. 
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Figure  31.  View  of  Sample  No.  38  from  right  side  of  Fig.  29  to  central  crack  in 

Fig.  27.  (Right  side  of  Fig.  30  matching  left  side  of  Fig.  31  is  marked 


micrograph  of  Fig.  27  at  3000X,  in  the  vicinity  of  the  crack  is  shown  in 
Figs.  30  and  31.  Again,  these  micrographs  confirm  that  there  is  no  signifi- 
cant structural  change  in  graphite  when  the  liquid  phase  is  absent. 

The  micrographs  of  frozen  liquid  graphite  (Figs.  11-19)  are  quite 
similar  to  those  of  frozen  liquid  obtained  by  Diaconis  et  al.  (Ref.  9).  In 
their  experiments,  pyrolytic  graphite  and  ATJS  graphite  melted  by  arc  heat- 
ing, and  ATS  graphite  melted  by  resistance-heating  yielded  frozen  droplets 
having  an  identical  microstructure.  Photomicrographic  evidence  similar  to 
Figs.  11  and  14  were  also  obtained  recently  by  Haaland  (Ref.  15). 

C.  X-RAY  AND  ION  MICROPRO  BE  MASS  ANALYSES 

Sample  No.  140  was  subjected  to  x-ray  analysis  at  four  locations. 

(1)  At  the  outside  of  the  graphite  disc  far  away  from  the  crater,  the  x-ray 
pattern  lacked  back  reflections,  which  is  typical  of  pyrolytic  graphite. 

(2)  The  fluffy  condensate  on  the  ridge  of  the  crater  gave  a weak  pattern  and 
broad  and  diffuse  back-reflection  lines  of  low  intensity.  The  lattice  param- 
eter was  that  of.  cry stalline  graphite.  (3)  Inside  the  crater  and  away  from 
the  melt,  the  material  behaved  as  natural  graphite,  but  the  diffraction  lines 
were  not  as  sharp  as  those  of  frozen  melt.  (4)  The  frozen  graphite  gave  very 
sharp  diffraction  lines  all  the  way  out  into  the  deep  back-reflection  region 
indicating  that  important  structural  changes  had  occurred  by  melting.  A 
similar  contrast  was  observed  by  Haaland  (Ref.  15). 

Selected  locations  in  Sample  No.  11,  identical  with  those  in  Sample  140, 
were  subjected  to  ion  microprobe  mass  analysis  with  bombardment  at 
20  kV  and  1 nA.  The  spectra  of  secondary  ions  were  examined  and  recorded 
as  intensity  versus  mass  number.  The  results  are  summarized  as  follows: 
(1)  The  outer  portion  away  from  the  crater  showed  a strong  peak  for  and 
a very  weak  peak  for  C£.  (2)  The  fluffy  condensate  gave  stronger  peaks  of 

Cj  and  and  a weak  peak  for  CH  , being  the  strongest  peak.  (3)  Inside 
the  crater  half  way  between  the  edge  and  the  center,  the  peaks  were  similar 
to  those  for  pyrolytic  graphite  but  stronger  in  intensity.  (4)  The  frozen  liquid 
gave  the  following  peaks  with  their  intensities  in  parentheses:  (C  j (strong), 
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CH~  (very  weak),  (very  strong),  Cg  and  (strong),  and  Cg  (medium), 
Cj  and  Cg  (weak),  and  and  C^q  (very  weak).  None  of  the  spectra  indicated 
the  presence  of  such  impurities  as  Si,  Ca,  Ti,  Zr,  Fe,  and  Cu;  the  peak  for 
CH  might  be  due  to  moisture  or  adsorbed  hydrogen.  The  results  showed 
that  (i)  there  was  no  segregation  of  impurities  because  of  heating,  evapora- 
tion, or  melting,  (2)  the  frozen  droplets  gave  sharp  peaks,  characteristic  of 
graphite  having  a high  degree  of  crystalline  perfection,  and  (3)  the  spectra 
for  the  areas  of  crater  away  from  the  frozen  droplet  were  quite  different 
from  the  spectra  for  the  droplet. 
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III.  DISCUSSIONS 


A.  TRIPLE-POINT  PRESSURE 

The  measurements  of  vapor  pressure  over  solid  or  liquid  graphite 
do  not  present  unusual  difficulties.  In  general,  if  the  pressurization  gas  is 
not  greatly  disturbed  during  heating,  or  a cavity  provides  a reasonably 
static  volume,  the  equilibrium  vapor  pressure  can  be  equated  to  the  inert 
gas  pressure  (Ref.  19).  The  results  based  on  this  procedure  for  the  triple- 
point pressure  and  obtained  by  Basset,  Jones,  Noda,  and  Vereshchagin, 
and  Fateeva  are  102,  100,  110-120,  and  100  atm,  respectively.  Horizontal 
graphite  bars  having  a central  cavity  and  heated  by  electric  resistance,  as 
in  the  experiments  of  Diaconis  et  al.  , had  a triple-point  pressure  of  102  atm, 
whereas  graphite  discs  heated  by  electric  arc  encountered  a great  deal  of 
gas -phase  perturbation  near  the  surface  so  that  135  atm  was  the  mininum 
pressure  at  which  the  liquid  phase  was  formed.  The  specimens  used  by 
Schoessow  and  Diaconis  et  al.  (Fig.  1)  and  those  with  central  cavities  used 
by  Jones  also  provided  reasonably  static  conditions  for  equilibrating  the 
pressurization  gas  with  the  graphite  vapor.  It  is  believed  that  the  triple 
point  obtained  by  the  authors,  i.e.,  120  atm,  is  in  reasonable^agreement 
with  the  previously  published  values  obtained  experimentally  under  widely 
different  experimental  conditions. 

The  experimental  values  of  the  vapor  pressure  of  solid  graphite  can 
be  extrapolated  to  the  triple  point  for  comparison.  The  upper  temperature 
limit  for  the  vapor  pressure  measurements  is  about  3000  K for  the  effusion 
experiments  (Refs.  22,  23,  and  24);  although  for  the  Langmuir  experiments, 
higher  temperatures  have  been  attained.  Because  of  very  small  evaporation 
coefficients  for  dimeric  and  polymeric  gaseous  carbon  species,  the 
Langmuir  method  cannot  give  reliable  data.  Extrapolation  of  the  best  equi- 
librium measurements  to  4130  K yields  3.80  atm,  and  to  4760  K,  103  atm, 
as  recommended  by  Leider,  Krikorian,  and  Young  (Ref.  24).  The  JANAF 
Tables  (Ref.  13)  give  a little  lower  values  (Fig.  3),  whereas  Palmer  Shelef 


(Ref.  10)  recommend  a little  higher  values.  It  is  believed  that  the  vapor 
pressure  measurements  are  high  at  low  temperatures  because  of  desorption 
of  gases  from  graphite  and  low  at  high  temperatures  because  of  low  evapora- 
tion coefficients  for  various  vapor  species.  Published  results  in  the  range 
of  2000  to  3000  K differ  by  more  than  an  order  of  magnitude.  It  is  there- 
fore not  surprising  that  the  extrapolated  values  of  pressure  to  the  triple 
point  are  low.  'An  error  of  600  K in  the  measurements  of  the  triple  point 
could  account  for  the  discrepancy,  but  the  experimental  technique  used  by 
the  authors,  as  well  as  by  Schoessow  and  by  Diaconis  et  al.  , cannot  permit 
an  error  of  this  magnitude. 

B.  TRIPLE-POINT  TEMPERATURE 

The  measurements  of  the  triple-point  temperature  are  much  more 
difficult  than  the  triple-point  pressure.  Interference  from  soot,  wavering 
images  of  heated  zones  caused  by  gas  circulation,  nonuniformity  of  tem- 
perature, and  emissivity  contribute  to  the  uncertainties  in  ordinary 
monochromatic  optical  temperature  measurements.  The  two-color 
pyrometry  used  by  Fateeva  et  al.  required  large  corrections.  The  agree- 
ment between  direct  and  indirect  measurements  of  temperature  in  the 
experiments  of  Schoessow  indicates  that  a properly  designed  apparatus  can 
minimize  these  errors.  Electrical  resistance  heating  produces  lower  tem- 
peratures on  the  surface  because  of  the  radiative  heat  loss;  therefore,  the 
interior  of  a bar  is  always  hotter  than  the  surface.  Consequently,  the  triple- 
point temperatures  reported  by  Basset  and  Noda  are  probably  low,  possibly 
by  100  K.  Jones,  Schoessow,  and  Diaconis  et  al.  minimized  temperature 
nonuniformity  by  sighting  on  a cavity  in  which  the  heat  loss  was  minimal 
and  the  blackbody  conditions  were  achieved.  The  emissivity  is  not  a serious 
problem  except  when  the  a-b  surface  (the  plane  of  densest  atomic  population) 
is  heated  as  discussed  by  Diaconis  et  al.  It  is  believed  that  the  laser  heating, 
as  used  in  this  investigation,  eliminates  the  error  resulting  from  the  radia- 
tive heat  loss  and  also  minimizes  the  soot  interference  in  the  temperature 
measurements.  A plasma  observed  by  Haaland  during  Nd  laser  heating  was 
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absent  in  the  authors'  experiments.  The  triple  points  determined  by 
Basset,  Jones,  Noda,  Schoessow,  Vereshchagin  and  Fateeva,  and  Diaconis 
et  al.  are  4000,  4030,  4020,  4300,  4040,  and  4200  K,  respectively;  the 
average  is  4100.  The  present  result,  i.e.,  4130  ± 30  K,  is  in  close  agree- 
ment with  the  average  and  lies  in  the  range  of  4100  to  4300  reported  by 
Diaconis  et  al. 

C.  PHASE  DIAGRAM 

The  solid-liquid  phase  boundary  in  Fig.  6 is  based  on  the  experimental 
data.  The  pressure  range  in  this  investigation  is  not  large  enough  to  deter- 
mine the  slope  of  the  boundary  line;  a slope  of  27  atm  K”  1 is  based  on  the 
average  of  published  values  (Refs.  1,  2,  4,  5,  and  8)  at  sufficiently  high 
ranges  of  pressure.  The  liquid-vapor  and  solid-vapor  boundaries  are  esti- 
mated and  drawn  within  the  limits  imposed  by  the  data  and  the.  requirement 
for  the  entropies  of  phase  changes.  Accurate  measurements  of  the  vapor 
pressure  in  the  range  3000  to  4000  K are  necessary  for  reliable  representa- 
tion of  the  solid-vapor  boundary  curve.  Laser  heating  a sample  suspended 
from  a thermogravimetric  balance  could  provide  the  required  data,  on  the 
basis  of  the  method  of  Baur  and  Brunner  (Ref.  21). 
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IV.  SUMMARY 


A technique  was  developed  for  determining  the  graphite-liquid-vapor 
triple  point  and  melting  temperatures  of  graphite  by  an  HF  laser  beam  in 
the  range  120  to  215  atm.  The  results  showed  that  (1)  the  triple  point  was 
120  ± 10  atm  and  4130  ± 30  K,  (2)  the  melting  temperature  was  nearly 
independent  of  pressure  up  to  215  atm,  and  (3)  a phase  diagram  could  be 
drawn  in  the.  vicinity  of  4100  K (Fig.  6).  The  pressure-dependence  of 
melting,  based  on  published  results,  was  selected  to  be  27  atm  K 

A critical  review  of  relevant  investigations  on  the  triplet  point  and 
on  the  melting  temperatures  was  made  and  compared  with  the  present 
investigation. 

A thorough  examination  of  the  forzen  liquid  droplets,  the  laser-formed 
craters,  the  condensed  vapor,  and  the  pyrolytic  graphite  matrix  was  made 
by  photomicrography,  scanning  electron  micrography,  x-ray  diffraction, 
and  ion  microprobe  mass  analysis.  The  results  showed  that  the  frozen 
droplets  were  pure  and  distinctly  well-defined  in  structure. 


I : 
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LABORATORY  OPERATIONS 


The  Laboratory  Operation!  of  The  Aeroapace  Corporation  ia  conducting 
experimental  and  theoretical  investigation!  necessary  for  the  evaluation  and 
application  of  scientific  advances  to  new  military  concepts  and  systems.  Ver- 
satility and  flexibility  have  been  developed  to  a high  degree  by  the  laboratory 
personnel  in  dealing  with  the  many  problems  encountered  in  the  nation's  rapidly 
developing  space  and  missile  systems.  Expertise  in  the  latest  scientific  devel- 
opments is  vital  to  the  accomplishment  of  tasks  related  to  these  problems.  The 
laboratories  that  contribute  to  this  research  are: 

Aerophyslcs  Laboratory:  Launch  and  reentry  aerodynamics,  heat  trans- 
fer, reenti^  physics,  chemical  kipetics,  structural  mechanics,  flight  dynamics, 
atmospheric  pollution,  and  high-power  gas  lasers. 

Chemistry  and  Physics  Laboratory:  Atmospheric  reactions  and  atmos- 
pheric  optics,  chemical  reactions  in  polluted  atmospheres,  chemical  reactions 
of  excited  species  in  rocket  plumes,  chemical  thermodynamics,  plasma  and 
laser-induced  reactions,  laser  chemistry,  propulsion  chemistry,  space  vacuum 
and  radiation  effects  on  materials,  lubrication  and  surface  phenomena,  photo- 
sensitive materials  and  sensors,  high  precision  laser  ranging,  and  the  appli- 
cation of  physics  and  chemistry  to  problems  of  law  enforcement  and  biomedicine. 

Electronics  Research  Laboratory:  Electromagnetic  theory,  devices,  and 
propagation  phenomena.  Including  plasma  electromagnetics;  quantum  electronics, 
lasers,  and  electro-optics;  communication  sciences,  applied  electronics,  semi- 
conducting, superconducting,  and  crystal  device  physics,  optical  and  acoustical 
Imaging;  atmospheric  pollution;  millimeter  wave  and  far-infrared  technology. 

Materials  Sciences  Laboratory:  Development  of  new  materials;  metal 
matrix  composites  and  new  forms  of  carbon;  test  and  evaluation  of  graphite 
and  ceramics  in  reentry;  spacecraft  materials  and  electronic  components  in 
nuclear  weapons  environment;  application  of  fracture  mechanics  to  stress  cor- 
rosion and  fatigue-induced  fractures  in  structural  metals. 

Space  Physics  Laboratory;  Atmospheric  and  ionospheric  physics,  radia- 
tion from  the  atmosphere,  density  and  composition  of  the  atmosphere,  aurorae 
and  airglow;  magnetospheric  physics,  cosmic  rays,  generation  and  propagation 
of  plasma  waves  in  the  magnetosphere;  solar  physics,  studies  of  solar  magnetic 
fields;  space  astronomy,  x-ray  astronomy;  the  ef'ccfc  of  nuclear  explosions, 
magnetic  storms,  and  solar  activity  on  the  earth's  atmosphere,  ionosphere,  and 
magnetosphere;  the  effects  of  optical,  elect-cmagnetic,  and  particulate  radia- 
tions in  space  on  space  systems. 
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